Abstract-Novel nanostructured titania nanotubes and hydrogen titanate nanoribbons were synthesised using hydrothermal treatment of Degussa P25. The nanostructure types formed were monitored as a function of the hydrothermal conditions. Changes in structure was evaluated using X-ray photoelectron spectroscopy (XPS), powder X-ray diffraction (XRD), Transmission electron microscopy (TEM) and Raman spectroscopy.
INTRODUCTION
Low-dimension forms of metal oxides have received considerable attention recently because controlled manipulation of a metal oxide's nanostructure can significantly change its chemical and electro-optical properties. Qualities inherent to metal oxides are also transferable to their nanostructured forms and this permits the incremental tailoring of these properties to specific applications [1] . Titanium dioxide (TiO 2 ), a wide-band gap semiconductor, is one of many metal oxides currently under investigation. It is readily converted into different nanostructured forms, including nanotubes. Potential applications of titania nanotubes include: gas sensors, ion-storage devices, environmental purification (including photocatalysis) and in biomedicine [2, 3] .
Although there are multiple methods of titania nanotube production (replication, templating, anodic oxidation), nanotubes are most easily synthesised through a simple hydrothermal treatment [2, 4] . This so called "soft-chemical" treatment, developed by Kasuga et al. involves the conversion of a titania particle precursor in caustic solution at raised temperatures into nanotubes, reproducibly, and with consistent composition and dimensions [2] [3] [4] . The main advantage in converting particulate precursors into nanotubes is the ease and speed of synthesis from a common starting material. Titania nanotubes have been successfully formed from anatase and rutile starting material [5] [6] [7] , however, nanotube formation from titanate precursors has been unsuccessful [8] , unless aqueous hydrothermal treatment has been used [9] .
Nanotube formation from soft-chemical treatment is considered to occur by delamination and subsequent 'rollingup' of precursor nanosheets into scrolled nanotubes [10] . These rolled lamellar sheets are believed to undergo subsequent condensation and polymerisation, where the titania material's octahedral Ti-O building blocks are reassembled though reactions at hydroxy-and oxo-bridging sites (along (100) and (001) directions respectively) in the aqueous solution [1, 11] . Finally, open-ended nanotubes form through destabilisation of the sheet by saturation of 'dangling' bonds. Synthesis of 'onion-like' and concentric nanotube formations are also possible, depending upon reaction conditions [12, 13] . The 'onion-like' formation is believed to form through the curving of several conjoined nanosheets, producing a defect (seam) along one side of the nanotube. This is often observed experimentally. Nanotubes are not the only nanostructure formed through this hydrothermal treatment, titanate nanoribbons 1 also form under certain hydrothermal conditions [12, 14] .
Phase and composition of the nanotubes is a key area of dispute within the current literature, where the nanostructure's phase is usually assigned to either a titania or a titanate species [10, 11, [15] [16] [17] . Chen et al. have used computer modelling as an aid in the determination of a simulated XRD profile using a trititanate nanotube model [16, 17] . This work has been the foundation of indexing the nanotube phase to a titanate species. Tsai et al. have argued that the nanotubes can be converted between titanate and anatase TiO 2 phases by the introduction and removal of NaOH, suggesting that the phases are interchangeable [15] . This mechanism is in agreement with recent work and statements of Kasuga et al. [3] .
X-ray diffraction (XRD), Raman spectroscopy and electron diffraction studies are usually used to characterise titania nanotubes. The results obtained by both techniques are often affected by broadening and displacement of bands and reflections due to finite size effects. Therefore precise indexing of phase by XRD and Raman may be compromised. Also, Raman spectra obtained do not correlate directly to titania or titanate species and few studies have attempted to assign the new frequencies observed [18] . Other studies have used electron energy loss spectroscopy (EELS), X-ray photoelectron spectroscopy (XPS), Infrared spectroscopy (IR), solid state (Na, Li) and proton NMR to characterise nanostructured titania. Although these techniques have not been used extensively, interesting results have been obtained. EELS studies have assigned titania nanotube phase to anatase and rutile [10, 19] , and have shown that the nanotubes contain no residual Na + [20] . IR studies have indicated that -OH and water is present in the samples [16, 18, 21, 22] . However, these results are not definitive for titanates, as TiO 2 species are known to have -OH defects on their surfaces and the nanotubes are also hydroscopic. Notably, few researchers have coupled thermogravimetric studies to their IR studies.
XPS has rarely been used in the examination of titania nanotubes [23, 24] , though it has been used to examine other titania nanostructures, especially when metal-doped [1, 25, 26] . Although XPS is a surface analysis technique it is essentially a bulk technique in the examination of nanotubes due to the sampling depth being greater than the cross-section of the nanotube. Therefore, it has potential use in the determination of nanotube phase as well as compositional analysis. XPS allows for the examination of elemental constituents within a sample. In the case of TiO 2 
II. EXPERIMENTAL

A. Reagents and Synthesis
Titanium dioxide powder (Degussa P25), sodium hydroxide (Chem-Supply, 98 % purity), and hydrochloric acid (Univar, AR reagent, 32 w/w %) were all used without further purification. All solutions were prepared in ultra pure water (conductivity: 18.2 M cm -1 ).
Approximately 0.4g of titanium dioxide (Degussa P25) was treated with 30 -35 mL NaOH solution through a softchemical hydrothermal treatment based on Kasuga et al. [4] . These solutions were sealed in PTFE-lined Parr bombs and statically heated in a SEM Convectional Oven for 20 hours. The resultant powder was washed with 0.1 M HCl and deionised H 2 O through repetitive centrifugation until the supernatant was pH 7. The conditions chosen for this study were selected from a previous study, and were chosen to include nanoparticles, nanotubes, and nanoribbons [28] . For the specific hydrothermal conditions selected see Table 1 .
B. Characterisation
Characterisation of the TiO 2 powders was achieved through powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. Morphological characterisation was achieved through transmission electron microscopy (TEM). All XRD patterns were obtained using a Philips PANalytical X'Pert PRO X-ray diffractometer operating at 40 kV and 40 mA using Cu-K 1 radiation = 1.54 Å. Analysis of sample through Bragg-Brentano geometry was utilised from 20 -70° 2 . XPS was achieved with a Kratos Axis ULTRA X-Ray Photoelectron Spectrometer incorporating a 165 nm hemispherical electron energy analyser. Monochromatic Al X-rays (1486.6 eV) at 150 W (15 kV, 10 mA) was utilised as the incident radiation. Multiplex high resolution scans where achieved at an analyser pass energy of 20 eV in 0.10 eV steps. Raman spectroscopy was performed on a Renishaw In-Via Raman microscope coupled to a Leica microscope using a Renishaw double Nd:YAG laser to produce 532 nm excitation radiation. The samples were analysed from 50 -1200 cm -1 with Rayleigh rejection achieved through a 532 nm Laser RSSF notch filter. TEM examination and analysis was carried out on a Philips CM200 TEM operated at 200 kV.
III. RESULTS AND DISCUSSION
As the aim of this study was to establish whether XPS could be used as a phase determining tool, XPS measurements were performed in tandem with XRD and Raman studies. Although the differences in binding energies between titanate and titania phases were small, XPS resolution and sensitivity was high enough to measure the binding energy changes. To determine possible correlations between Raman and XPS the samples were listed in order of increase of Ti (2p 3/2 ) binding energy and the spectra were plotted in this order (See Table 1 ). Various titania-based nanostructures were examined, including: nanotubes, nanoribbons and nanoparticles ( Figure 1) . A typical nanotube specimen consisted of 10 nm ± 2 nm diameter tubes and a range of lengths (100 nm -400 nm). A TEM image of a hydrothermally produced titania nanotube sample is presented in Figure 1a . The nanotubes are amorphous, producing a diffuse ring small area electron diffraction (SAED) pattern (Figure 1 inset) . The difference in size dimensions of the nanotubes and nanoribbons is evident in Figure 1b where both morphologies were observed. The nanoribbon's average widths were approximately 150 nm and >1.6 m in length. In comparison to the nanotubes whose walls created contrast in the TEM images, the nanoribbons appeared flat and no internal structure could be discerned in initial TEM image analysis.
Upon closer examination however, the nanoribbons in Figure 1c were found to possess an internal structure consisting of flat, multilayered plates. Changes in the phase and morphology of the nanostructures are clearly evident in the Raman spectra (Figure 2 ). Sample A, the nanoribbon sample, has a Raman spectrum similar to a titanate-species, albeit with partially resolved peaks in comparison to known sodium titanates [29] . Samples B -D produced Raman spectra typically observed for titania nanotubes. Sample E contains anatase and a secondary phase. When the Raman spectra are ordered via the binding energy several spectral features are observed to evolve. The most obvious of these features is the doublet that appears between 320 -220 cm -1 initially observed in Sample E. This doublet increases in intensity from Sample E to D through an unresolved doublet in Sample C which loses further resolution in Sample B. This singlet then splits into a resolved triplet in Sample A. This transition in this spectral region appears to correlate closely to the increase in binding energy.
Anatase, is the predominate phase within Sample E, as evident from the strong intensities of the anatase E g and A g bands at 140 and 510 cm -1 respectively. The presence of these frequencies indicates that a large amount of unreacted starting material was still present in the sample. The doublet and other non-anatase peaks in the spectra indicate the presence of nanotube scrolls (confirmed through TEM studies). The absence of typical anatase frequencies in Sample D indicates that no starting material remained following harsher hydrothermal reaction conditions. The form that this sample's Raman spectrum takes would therefore be likely to arise from titania nanotubes only, resulting in a typical nanotube spectrum. Between Samples B -D there are minor variations in frequencies and intensities which are commonly observed for most nanotube samples. Samples B and C display some vibrations similar to those observed in Sample A. These include the increase in resolution of a shouldering peak arising at ca. 380 cm -1 and the shift and formation of peaks between 960 -610cm -1 from Sample D through B. The presence and increase in intensity of peaks at these wavelengths may indicate that that the samples phases and therefore Raman spectra are gradually becoming more titanate-influenced. The peak at 906 cm -1 observed in Samples C and D was assigned by Qian et al. as a symmetric stretching mode of short Ti-O bonds which is characteristic of parent sodium compounds [18] . When comparing these spectra with the binding energies it is interesting to note that those observed for Samples C through E are within the observed energies for TiO 2 . The presence of the peak-shoulders observed in Samples B and C and an observed increase in binding energy suggests that the phase is taking on titanate character. However we note that the binding energy values for Samples B and C remain more intermediate TiO 2 -like than binding energies characteristic of a true titanate phase [27] . The analysis of Raman spectrum changes indicate that the reduced peak resolution of the doublet frequencies in the 320 -220 cm -1 range from Sample E to A are related to Ti-O vibrations. The progression in peak shape and increase in binding energy indicates a strengthening in the associated bond. Qian et al. relate the peak in this region to a Ti-OH bond which is integral to the formation and stability of the tubular structure of the TiO 2 nanotube [18] .
IV. CONCLUSIONS
Raman results indicate that there is a definite phase change observed between the samples analysed, which can be attributed to alterations in the morphology and subsequent phase of the samples. The transition of strength and resolution of a doublet formation within the 320 -220 cm -1 range, appears to correlate to the increase in binding energy of both Ti (2p 3/2 ) and O (1s) bands. This suggests that these frequencies do relate to Ti-O bonds which strengthen when the nanostructure alters from nanoparticles through nanotubes to nanoribbons. The binding energies also indicate that the nanotubes are more TiO 2 -like than titanate-like in nature.
